The somatotopic organization of the human primary somatosensory (SI) area in the cerebral cortex has been intensively studied for the hand, lip, and tongue, but little is known about the gingiva. Penfield concluded that the gingival SI area was above the tongue area, as shown in his famous homunculus map. However, our recent study suggested that the lingual gingiva area was not so different to the tongue area. To delineate the fine SI somatotopy of the gingiva area, evoked magnetic fields were measured in 6 healthy subjects for the stimulus of the anterior or posterior and upper or lower parts of the lip, buccal and lingual gingiva, and tongue. Source position was estimated by a current dipole model at the first peak of the posterior-oriented current in a total of 12 cerebral hemispheres contralateral to the stimulation side. No significant difference was found between the positions of anterior and posterior or upper and lower parts of each structure. Both buccal and lingual gingiva areas were localized adjacent to the tongue area, but significantly lower than the lip area. We believe that the fine SI somatotopy of the human oral structures should be reconsidered.
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The primary somatosensory (SI) cortex of the oral structures in humans occupies a relatively larger area than that of any other body function (Penfield and Boldrey 1937; Penfield and Rasmussen 1950) . The somatotopic organization of the oral SI cortex has been intensively studied for the lip and tongue, but little is known about the other oral structures such as the palate, gingiva, or teeth.
Anatomically, the gingiva is located between the tongue and lip. Previous findings of the SI somatotopy of these oral organs have differed in previous studies. The early pioneering studies of cortical stimulation by Penfield and colleagues proposed that the teeth and gingiva areas were located lower than both tongue and lip areas (Penfield and Boldrey 1937) . Later, the teeth and gingiva areas were located between the tongue and lip areas: above the tongue area and below the lip area (Penfield and Rasmussen 1950) . Penfield and Rasmussen (1950) noted "it seems justified to put teeth, gum, and jaw above tongue in the sensory sequence, thus making the relative position the same in both the motor and sensory sequences." Up until the present, this sequence has been widely accepted together with the famous homunculus map of the SI cortex (see Fig. 17 , page 44 of [Penfield and Rasmussen 1950] ). However, closer examination of the original data of the above reports (Penfield and Boldrey 1937; Penfield and Rasmussen 1950) shows large overlaps of the SI cortex for the oral structures such as tongue, teeth, palate, and jaws. There has been no systematic study to demonstrate the fine organization of the oral SI cortex in humans.
Recently, we compared the somatosensory evoked fields (SEFs) for gingiva, lip, and tongue in six healthy subjects and found that the gingival equivalent current dipole (ECD) was localized significantly inferior to the lip ECD but not different to the tongue ECD (Nakahara et al. 2004 ). This observation may conflict with the previous studies by Penfield and colleagues (Penfield and Boldrey 1937; Penfield and Rasmussen 1950) . However, only the lingual side of the gingiva was stimulated in our previous study, so the location of the SI cortices of the buccal and lingual gingiva areas might be different. The present study extended our previous investigation (Nakahara et al. 2004 ) by adding stimulation points including the buccal side of the gingiva to delineate the fine SI somatotopy of the gingiva area.
MATERIALS AND METHODS
Six right-handed healthy subjects, two males and four females aged from 20 to 47 (mean 26.8) years, participated in this study. Written informed consent, reviewed and approved by the ethical committee of Kohnan Hospital, was obtained from the subjects after explanation of the experimental procedure.
SEFs were measured by electrical stimulation of the lip, buccal gingiva, lingual gingiva, and tongue using our homemade clip electrode used in our previous studies Nakahara et al. 2004) . A total of eight points were stimulated for each oral structure: left and right; anterior (near the lateral incisor) and posterior (near the first molar); and upper and lower parts. The clip electrode, with a 5-mm interelectrode distance, was attached to the lip mucosa facing the teeth crowns with the mouth closed, the gingival mucosa at 5 to 10 mm from the gingival edge, and the tongue mucosa at 5 to 10 mm from the lingual edge. Electric stimuli were constant-current biphasic pulses lasting 0.2 milliseconds, delivered at 0.7 Hz, with a tolerable intensity of 2-10 times the sensory threshold. Median nerve SEFs were measured for comparison with the use of an electrical square wave lasting 0.3 milliseconds delivered transcutaneously at 2.8 Hz to the unilateral median nerve .
The SEF signals were measured with a whole-head magnetoencephalography (MEG) system consisting of an array of 102 identical sensor elements distributed over the whole head except the lower face and immersed in liquid helium (Vector View; Neuromag Ltd., Helsinki, Finland). Each sensor element consisted of two orthogonal planar-type first-order gradiometers with a 13-mm baseline. The MEG measurements were performed in a magnetically shielded room. The subjects lay supine, and the exact location of the head was determined with respect to the sensor elements using indicator currents passed through three coils placed at known locations on the scalp as fiduciary markers. The positions of the coils with respect to the outer landmarks of the head were obtained by a three-dimensional digitizer. Threedimensional magnetic resonance (MR) images (Signa Horizon LX ver 8.2; GE Medical Systems, Milwaukee, WI, USA) were obtained for all subjects, with small oilcontaining capsules placed at the same locations on the scalp as fiduciary markers.
The MEG signals were recorded from 50 milliseconds before to 300 milliseconds after the trigger point, filtered from 0.1 to 300 Hz, and digitized at about 1,000 Hz. The resulting data were averaged based on recordings from 200 stimuli for the lip, buccal gingiva, lingual gingiva, tongue, and median nerve. Bilateral SEF waveforms were recorded, and the contralateral response at the peak latency of 30-100 milliseconds with posterior orientation was used for further analysis. A single dipole model for the SEF data in the contralateral hemisphere to the stimulus side was used for evaluation of the source moment and position.
The position of the ECD was superimposed on the MR images for correlation with the central sulcus. The relative angles of ECDs were calculated between the oral SEFs and median nerve N20m in the coronal plane of the best-fitting sphere for each subject. This study accepted only ECDs accounting for > 90% of the field variance and with confidence volume < 1 cm 3 . The single-ECD assumption is well known to account for the peak signals in previous MEG studies of SI response (Karhu et al. 1991; Hari et al. 1993; Kakigi 1994; Kawamura et al. 1996; Nakasato et al. 1996; Ohtomo et al. 1996; Iwasaki et al. 2001; Nagamatsu et al. 2001; Nakahara et al. 2004 ). Therefore, we used the single-ECD model for the hemispheric data contralateral to the stimulus side. Finally, a total of 12 hemispheric responses were used for statistical analysis, as we stimulated both left and right parts of each organ. ECD positions were evaluated on the coronal plane as the relative angle from the N20m ECD for median nerve stimulation in each hemisphere of each subject. We compared the ECD positions with the following three steps. First, relative ECD angles of all subjects were compared for the following stimulus points for each organ: i) anterior-upper (AU) and anterior-lower (AL); ii) posterior-upper (PU) and posterior-lower (PL); iii) AU and PU; and iv) AL and PL. Second, relative ECD angles were compared between the following groups: i) anterior (average of AU and AL) and posterior (PU and PL); and ii) upper (average of AU and PU) and lower (AL and PL). Third, relative ECD angles were compared between the lip, buccal gingiva, lingual gingiva, and tongue using the overall mean of AU, AL, PU, and PL for each organ. The paired t-test was used, and data were considered significant at p < 0.01.
RESULTS
SEF responses were observed for all stimulus points in 12 hemispheres of 6 subjects. All ECDs were localized on the central sulcus. Fig. 1 shows a typical example of the SEF for the buccal gingiva.
There was no statistical difference in the ECD positions between the AU and AL, PU and PL, AU and PU, or AL and PL (Table 1) . There was no statistical difference in the ECD positions between the anterior and posterior, or upper and lower (Fig. 2) . There was a statistical difference (p < 0.0001) between the ECD positions of the lip and the buccal gingiva; the lip and the lingual gingiva; and the lip and the tongue. However, there was no statistical difference (p > 0.01) between the buccal gingiva, the lingual gingiva, and the tongue (Fig. 3) . 4.6 4.0 2.9 4.3
Within each organ, no statistical difference was found ( p > 0.01) (n = 12). Unit = degree. Fig. 2 . Positions of the equivalent current dipoles (ECDs) of the somatosensory evoked fields (SEFs) for the lip, buccal gingiva, lingual gingiva, and tongue. Average and standard error of the mean of the relative ECD angles to the N20m dipole for median nerve SEFs in the coronal plane were calculated for combinations of anterior or posterior and upper or lower parts of each anatomical structure in 6 subjects (n = 24). No significant difference was found between all combinations in each structure.
DISCUSSION
The present study found that the lip ECD was located higher than the tongue ECD of the SEFs, corresponding to the previous findings by cortical stimulation (Penfield and Boldrey 1937; Penfield and Rasmussen 1950) , cortical recording of somatosensory potentials (McCarthy et al. 1993) , and SEFs (Yamashita et al. 1999; Nakahara et al. 2004 ). However, we found no statistical difference between the ECDs of the buccal gingiva, lingual gingiva, and tongue, in contrast to the previous conclusion by Penfield and colleagues (Penfield and Rasmussen 1950 ) that gingival SI is located higher than tongue SI, but which was based on complicated results. For example, most of the tongue sensory area and jaw and teeth areas overlapped (see Fig. 25B , page 430 of Penfield and Boldrey 1937) but Penfield and colleagues (Penfield and Boldrey 1937) concluded, at that time, that the "sensation in teeth and gums (was) below tongue" (see page 433 of). Likewise, there were 17 cases in which the tongue responses could be located with reference to responses for the teeth and gums (Penfield and Rasmussen 1950) . The teeth and gum responses were above the tongue response in 8 cases and below in 3 cases; and the tongue responses were above and below the teeth and gum responses in 5 cases (see page 38 of Penfield and Rasmussen 1950) . Despite these conflicting observations, Penfield and Rasmussen (1950) finally decided to "put teeth and gum (area) above tongue in the sensory sequence." They also noted that their mapping was "the lower limit of subdivision of the face area permitted by their cortical stimulation" (Penfield and Rasmussen 1950) . Since then, the gingival SI cortex has not been much examined in cortical stimulation studies in humans. The present SEF study suggests that the gingiva and tongue areas are adjacent in the human SI cortex.
Cortical somatosensory evoked potentials were recorded by the stimulus of several oral organs (McCarthy et al. 1993) . The "gum potentials" were small, non-focal, and of minimal localizing value. Stimulation of the hard palate could be regarded as similar to stimulation of the upper teeth and gums. The "distribution of potentials evoked by posterior palate stimulation was slightly lateral to that evoked by stimulation of the anterior palate; in this case, both distributions overlapped considerably with the tongue area" Fig. 3 . Positions of the equivalent current dipoles (ECDs) of the somatosensory evoked fields (SEFs) for the lip, buccal gingiva, lingual gingiva, and tongue. Average and standard error of the mean of the relative ECD angles to the N20m dipole for median nerve SEFs in the coronal plane were calculated for all combinations of upper or lower and anterior or posterior (4 stimulus points) parts of each anatomical structure in 6 subjects (n = 48).
( McCarthy et al. 1993 ). Our present results correspond to these findings. Close overlap of the tongue, palate, and gingiva areas has also been demonstrated in the SI cortex of monkeys. Determination of the somatotopy of the face and the oral representation in cortical area 3b of New World owl monkeys and squirrel monkeys using electrophysiological mapping by microelectrodes and histological procedures found that the palate SI area was microscopically adjacent to, or within, the tongue SI area of a few square millimeters (Jain et al. 2001) . Closer location of the tongue and palate SI cortices has been demonstrated in monkeys by other microelectrode studies (Cusick et al. 1986; Manger et al. 1995) . Since the stimulation points of the palate included the gingiva, these results in monkeys support our present observation that the gingiva area is adjacent to the tongue area in humans.
In conclusion, our noninvasive neuromagnetic study suggests that the gingiva area is adjacent to the tongue area in the human SI cortex. Although Penfield stated that the gingival SI area was above the tongue area, as shown in his famous homunculus map, we believe that the fine SI somatotopy of the human oral structures should be reconsidered.
